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AMP-activated protein kinase (AMPK) is a highly conserved cellular energy sensor that plays a central role in
metabolic homeostasis. A recent study in Science (Egan et al., 2011) identifies ULK1 as a substrate for AMPK
phosphorylation, a modification required for selective autophagy of mitochondria and cell survival during
starvation.Macroautophagy (hereafter, autophagy)
is an evolutionarily conserved catabolic
process in which portions of the cyto-
plasm, including superfluous or damaged
organelles and misfolded or aggregated
proteins, are engulfed in double-mem-
brane vesicles called autophagosomes
for degradation and recycling. Autophagy
helps cells, organs, and entire organisms
endure various stress conditions, such
as limited nutrients, decreased energy
supply, or low oxygen levels. Due to its
pivotal role in survival, homeostasis, and
development, autophagy has attracted
intensive interest, and it has been impli-
cated in a wide range of processes and
diseases including cancer, neurodegen-
eration, immune response, development,
and aging. Pioneering work in yeast fol-
lowed by studies in a range of higher
eukaryotes during the past two decades
has significantly improved our knowledge
of the molecular mechanism, with 35
proteins now identified at different steps
of autophagy (Yang and Klionsky, 2010).
However, many questions still remain un-
answered—for example, how different
stimuli trigger the sensing system and
then relay their signals to induce auto-
phagy, and how different signaling path-
ways in the context of a network coordi-
nate its regulation. In their recent study,
Egan andcolleagues further connect AMPK
with autophagy regulation, showing that it
phosphorylates and activates ULK1.
AMPK is a conserved metabolic switch
that senses cellular energy status and
governs energy homeostasis through its
regulation of glucose and lipid metabo-
lism. This kinase couples cell growth
with environmental nutrient availability,
and dysregulation of this pathway under-
lies pathophysiologies such as cancer,cardiovascular disease, diabetes, and
other metabolic syndromes (Shackelford
and Shaw, 2009). Several lines of evi-
dence suggest a role for AMPK in auto-
phagy induction (Herrero-Martin et al.,
2009; Liang et al., 2007); however, the
molecular mechanism remains largely
unexplored. A recent paper by Lee et al.
(2010) addressed this issue by showing
that AMPKbinds to ULK1 (themammalian
homolog of yeast Atg1), and this interac-
tion is required for ULK1-mediated
autophagy. The authors suggest that
autophagy induction is mediated through
AMPK-dependent phosphorylation of
raptor, leading to inactivation of
mTORC1. Now, research by Egan et al.
(2011) adds another piece to the picture,
suggesting that ULK1 is directly phos-
phorylated by AMPK, and this phosphory-
lation is essential for mitochondria
homeostasis and cell survival. The ULK1
kinase is a central component of the
core machinery involved in autophago-
some formation. This study therefore
expands our knowledge on the upstream
regulation of ULK1 and sheds light on
the connection between cellular energy
metabolism and autophagy.
In their study, Egan et al. (2011) carried
out a two-part screen to identify AMPK
substrates that function in cell growth
and metabolism. Using a bioinformatics
approach, the authors first identified
proteins that contain a conserved AMPK
substrate motif. Candidates were then
analyzed for the ability to interact with
the 14-3-3 phospho-binding protein
during energy stress conditions and only
in an AMPK-dependent manner. One
putative substrate they identified was
ULK1, and three of the four predicted
phosphorylation sites were detected byCell Metabolism 13tandem mass spectrometry. Both in vivo
and in vitro assays confirmed that ULK1
is a bona fide substrate for AMPK. Pheno-
typic characterization of AMPK- or ULK1-
deficient murine liver or primary hepato-
cytes unveiled defects in autophagy. For
example, an established marker for
autophagy, p62, accumulates in AMPK-
deficient livers. Since p62 is involved in
mitochondria clearance, the authors,
through a series of assays, identified
defects in selective degradation of mito-
chondria by autophagy (mitophagy), and
a corresponding mitochondria accumula-
tion and abnormality in AMPK- or ULK1-
deficient hepatocytes. A nonphosphory-
latable (4SA) ULK1 mutant is unable to
complement the morphological and func-
tional mitochondria defects, or the loss of
cell survival after starvation in ULK1- and
ULK2-deficient mouse embryonic fibro-
blasts compared to wild-type ULK1, sug-
gesting that AMPK phosphorylation of
ULK1 is important for its function. The
authors also extended their analysis to
test whether AMPK and ULK1 have
conserved roles in C. elegans. They
show that AMPK activity is both neces-
sary and sufficient for the induction of
autophagy, and ULK1 is essential for this
induction.
In this study, AMPK activation was
achieved through pharmacological acti-
vation with the AMPK agonists metformin,
a widely used type 2 diabetes drug, and
phenformin, a more potent analog.
Whether physiological conditions that
can activate AMPK, such as glucose star-
vation, oxidative stress, hypoxia, and
exercise, also exert the same effectmerits
consideration. Furthermore, mitophagy is
a specific type of autophagy that selec-
tively degrades mitochondria (Kanki and, February 2, 2011 ª2011 Elsevier Inc. 119
Figure 1. Phosphorylation-dependent Regulation of the Ulk1 Kinase
Complex
(A) Under nutrient-rich conditions, mTORC1 binds the Ulk1 kinase complex
and inhibits autophagy by phosphorylating Ulk1 and Atg13. Ulk1 is also in-
hibited by protein kinase A-dependent phosphorylation, but is stabilized in
part through autophosphorylation.
(B) When cells are starved or depleted of energy, mTORC1 dissociates from
the complex, Ulk1 autophosphorylation increases and the kinase phosphory-
lates Atg13 and FIP200, and Ulk1 now binds and is phosphorylated by AMPK,
resulting in autophagy induction.
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been determined whether
this AMPK-dependent phos-
phorylation of ULK1 is also
involved in nonspecific bulk
autophagy; the latter may
need different sites of phos-
phorylation on ULK1 or
a different mode of phos-
phorylation events. Pursuit
of this question may ulti-
mately shed light on the regu-
latory pathways and mecha-
nisms that specify different
types of autophagy in
response to different stress
conditions.
The results from Egan et al.
(2011) reveal a direct connec-
tion between energy-sensing
and core autophagy proteins,
yet, as usual in science, theinformation they reveal leads to further
questions. For example, autophagy is
a tightly regulated process, and excessive
autophagy can be as deleterious as insuf-
ficient autophagy. Therefore, feedback
regulation is important for the fine tuning
and proper termination of autophagy. It
will be important to determine if ULK1 or
some other component phosphorylates
and inhibits AMPK as an opposing mech-
anism. Similarly, determination of the
complementary phosphatases involved
in this process will provide valuable
insights into autophagy downregulation.
Another issue is that ULK1 forms
a complex with mAtg13 and FIP200 (the
mammalian counterparts of yeast Atg13
and Atg17). Under autophagy-inducing
conditions when mTORC1 is inactivated,
mTORC1 dissociates from the ULK1-
mAtg13-FIP200 complex, ULK1 becomes120 Cell Metabolism 13, February 2, 2011 ª2active, increases its autophosphorylation,
and phosphorylates mAtg13 and FIP200
(Mizushima, 2010) (Figure 1). Will AMPK
also interact with (and possibly phosphor-
ylate) mAtg13 and/or FIP200? If so, what
is the function and impact of this inter-
action? It will also be interesting to deter-
mine whether this pathway is conserved
in all eukaryotes going back to yeast.
Due to its facile genetics, studies in yeast
may rapidly uncover additional players
in this pathway. Nonetheless, we may
expect to see differences between
mammals and yeast. The greater
complexity in mammals may reflect the
fact that they have adopted a greater
diversity of regulatory mechanisms for
development- or tissue-specific func-
tions. Finally, AMPK inhibits mTORC1 by
phosphorylating TSC2 (Inoki et al., 2003)
and raptor (Gwinn et al., 2008), whereas011 Elsevier Inc.mTORC1 inhibits the ULK1
complex by phosphorylating
ULK1 and mAtg13. The eluci-
dation of the dynamic inter-
play among AMPK, mTORC1,
and the ULK1 complex and
possibly other signaling path-
ways involving sensors such
as protein kinase A will
provide further information
about the interconnected
network of autophagy
regulation.REFERENCES
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